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Abstract With support from the NASA sounding rocket program, the Air Force Research Laboratory
launched two sounding rockets in the Kwajalein Atoll, Marshall Islands in May 2013 known as the Metal
Oxide Space Cloud experiment. The rockets released samarium metal vapor at preselected altitudes in the
lower F region that ionized forming a plasma cloud. Data from Advanced Research Project Agency
Long-range Tracking and Identiﬁcation Radar incoherent scatter radar and high-frequency (HF) radio links
have been analyzed to understand the impacts of the artiﬁcial ionization on radio wave propagation. The HF
radio wave ray-tracing toolbox PHaRLAP along with ionospheric models constrained by electron density
proﬁles measured with the ALTAIR radar have been used to successfully model the effects of the cloud on
HF propagation. Up to three new propagation paths were created by the artiﬁcial plasma injections.
Observations and modeling conﬁrm that the small amounts of ionized material injected in the lower F
region resulted in signiﬁcant changes to the natural HF propagation environment.
1. Introduction
Since the 1950s after the availability of rockets for research purposes, experiments have been conducted to
inject various materials into the atmosphere for the purpose of creating perturbations to the ambient med-
ium [Bedinger et al., 1958; Rosenberg, 1963; Corliss, 1971; Davis, 1979; Wand and Mendillo, 1984; Bernhardt
et al., 2012]. Such ionospheric modiﬁcation experiments in the form of chemical releases have been used
for various goals such as to measure neutral wind directions and shears, to detect plasma drift velocities
and electric ﬁelds, to exploit the ionosphere as a plasma laboratory without walls, to modify the plasma
density in the ionosphere to trigger larger scale phenomena, and many other uses [Bernhardt, 1987; Hu
et al., 2011; Shuman et al., 2015]. The Air Force Research Laboratory (AFRL) launched two sounding rockets
in the Kwajalein Atoll, Marshall Islands, in May 2013 known as the Metal Oxide Space Cloud (MOSC)
experiment. The sounding rockets, each carrying a payload of two 2.5 kg canisters of powdered samarium
metal in a thermite mixture, released samarium metal vapor at dusk at 170 and 180 km altitude, respectively.
A fraction of the samarium metal vapor ionized in the ambient environment, creating an additional layer of
plasma. The objectives of the experiments were to understand the dynamics, evolution, and chemistry of
Sm atoms in the Earth’s upper atmosphere; to understand the interactions of artiﬁcial ionization and the
background plasma; and to measure the effects on high-frequency (HF) radio wave propagation. A host
of diagnostic instruments were used to probe and characterize the cloud including the Advanced
Research Project Agency Long-range Tracking and Identiﬁcation Radar (ALTAIR) incoherent scatter radar,
multiple GPS, and optical instruments, satellite radio beacons, and a dedicated network of high-frequency
(HF) radio links [Caton et al., 2017]. In this paper, we report the results from the HF sounder observations
and modeling those results with the ALTAIR radar data using the HF radio wave ray-tracing MATLAB
toolbox PHaRLAP. The modeling results enable us to understand the changes caused by the samarium
plasma cloud in the HF propagation environment and thus validate the extent to which we can model HF
propagation for other speciﬁed plasma perturbations. We have developed a new technique to model an
anomalous background ionosphere by assimilating oblique ionosonde data speciﬁcally to match observed
HF signal delays. The approach may have numerous applications for ionospheric speciﬁcation for
HF propagation.
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In Figure 1, the site locations corre-
sponding to the HF links and the
ALTAIR incoherent scatter radar are
shown. In this work, we focus on the sig-
nals received at Wotho from transmit-
ters at Rongelap and Likiep. The
Rongelap-Wotho link geometry is pre-
dominantly N-S and the release region
is far from the great circle path, whereas
the Likiep-Wotho path is nearly mag-
netic E-W and the release point lies
close to the midpoint of the link.
Geographic coordinates for the sites
may be found in Table 1.
The ﬁrst sounding rocket launch occurred
on 1 May 2013 at 07:38 UT, and the
samarium metal vapor release occurred
at 07:40:40 UT. The second sounding rocket launch occurred on 9 May 2013 at 07:23 UT, and the release occurred
at 07:25:40 UT. In both releases, approximately 10% of the samarium metal in the canisters ionized.
2. Observations
The Advanced Research Project Agency Long-range Tracking and Identiﬁcation Radar (ALTAIR) at Kwajalein
Atoll was used to monitor the ionospheric state and track the evolution of the metal oxide space cloud.
Range-time-intensity displays of each release event are shown in Figure 2. The data gap during the ﬁrst
release shown in Figure 2a was an intentional data management action to avoid a data ﬁle size limitation.
Recording was turned off for a period of about 2 min and turned back on approximately 30 s prior to the
samarium release. Improved prelaunch ﬁle management on the night of 9 May precluded the need to limit
data sampling during the second rocket ﬂight as shown in Figure 2b.
The ionograms (Figures 3 and 4) from the oblique sounder data for the releases on 1 and 9 May 2013 show
the evolution of the ionosphere before and after the release of the samarium metal vapor in the ambient
environment. Both Likiep and Rongelap used broadband folded dipole transmit antennas approximately
12 m long connected to 100 W power ampliﬁers to transmit swept frequency waveforms from 2–30 MHz
every 5 min at the rate of 100 KHz/s. The timing for both transmitters and receivers was synchronized by
GPS-disciplined clocks. The ionograms shown in the ﬁgures were recorded at Wotho using a simple 1 m dia-
meter loop antenna. Plots show data from only 2–14 MHz since no signatures were observed at higher fre-
quencies. The titles include the start time of the frequency sweep (2 MHz); end time at 14 MHz is 120 s
later. In prerelease sweeps on 1 May, E-layer traces are also seen in the ionograms in addition to the ground
wave and F region traces, whereas the E-layer trace is not seen on 9 May, suggesting that the E region is not
present during the second release. The E-layer echoes present on 1 May are due to sporadic E [Davies, 1990],
as the traces extend to 10 MHz or so, well beyond the peak plasma frequency expected in the E region at this
local time (approximately 18:20 LT). The F region traces are further seen to be split into two characteristic
components: ordinary and extraordinary waves. The effects of the artiﬁcial plasma cloud are clearly seen in
the postrelease sweeps along both Rongelap-Wotho and Likiep-Wotho paths. Two additional traces, denoted
as the “MOSC” layer and the secondary F region echo, are evident, suggesting signiﬁcant change in the pro-
pagation environment of the HF radio waves due to the metal oxide plasma cloud. SmO+ layer density
(approximately 10 MHz at early times)
is similar in both cases and observed
initially on all links. The density of the
artiﬁcial cloud is observed to fall rapidly
over time scales of a few minutes, and
the signatures disappear completely
within about 15 min. The difference
between the secondary F region echo
Figure 1. Site locations in Marshall Islands. Tx = transmitter, Rx = receiver.
The MOSC release point is midway between Likiep and Wotho.
Table 1. Geographic Co-Ordinates
Site Latitude (°N) Longitude (°E)
Rongelap 11.152 166.838
Likiep 9.826 169.307
Wotho 10.174 166.005
ALTAIR 9.395 167.479
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and F region trace is smaller along the Likiep-Wotho path compared to the Rongelap-Wotho path, the reason
of which is explained in section 4.2. A more detailed description of the cloud’s evolution can be found in
Pedersen et al. [2017]; here we focus on modeling the HF propagation observed during the ﬁrst few minutes
after the release. The SmO+ plasma also triggered signiﬁcant modiﬁcation of HF propagation in the F region.
In the ﬁrst postrelease frequency sweep initiated less than 40 s after the release on 1 May, the Likiep-Wotho
path has an MOSC signature only in the high end of the frequency sweep above f = 8MHz (Figure 3d), yet the
Rongelap link shows a robust signature beginning at less than 4MHz (Figure 3c). The subsequent sweep 5min
later shows a solid MOSC trace at lower frequencies only on both paths (Figures 3e and 3f). Moreover, MOSC
signature is present across most of the frequency bands on both links in the second release during all phases
of the observations (Figures 4c–4f). Potential reasons for the lack of signals on the Likiep-Wotho path in the
lower portion of the HF frequency band during the ﬁrst release will be discussed later in this paper.
3. Modeling
Since Haselgrove [1955] set down the differential equations governing raypaths in an anisotropic medium for
numerical integration techniques [Haselgrove, 1955], the equations have been used extensively [Jones and
Stephenson, 1975; Coleman, 1993; Zawdie et al., 2016] to study the propagation of HF energy through the
ionosphere. In our work to model the HF sounder observations, we have used PHaRLAP, a HF radio wave
ray tracing MATLAB toolbox developed by Dr. Manuel Cervera, that contains a variety of ray tracing engines
of various sophistications from 2-D ray tracing to full 3-D magnetoionic ray tracing [Cervera and Harris, 2014].
Figure 2. (a) First release: (top) the ALTAIR radar range-time-intensity (RTI) plot shows a rapidly rising F-layer of the
ionosphere (disturbed condition). (b) Second release: (bottom) the RTI plot shows a quiescent ionosphere typical of the
equatorial region just prior to the onset of the prereversal enhancement period.
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Modeling the sounder observations involved insertion of a three-dimensional plasma cloud representing the
MOSC into a background ionosphere and then using full 3-D magnetoionic ray-tracing to understand the var-
ious propagation modes induced by introduction of Sm+ ions in the ambient plasma. Prior to the ﬁrst
release on 1 May the ionosphere was rising rapidly (vz ≥ 50 m/s), potentially responding to a minor
magnetic perturbation (Dst ~ 50), and spreads F formed within minutes after the release as observed
in the sounder data and ALTAIR radar scan. For the second release, the ionosphere was quiescent as seen
in the sounder observations and the radar scan. Hence, we present the modeling efforts for the background
ionosphere and samarium cloud for the second release in section 3.1 before those for the ﬁrst release
(section 3.2).
Figure 3. First release: sounder observations of the ionosphere before and after the release of the samarium metal vapor
(a, c, and e) along Rongelap-Wotho path and (b, d, and f) along Likiep-Wotho path.
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At early times immediately after the release, the cloud appeared to be symmetric optically and the ALTAIR
radar scan also showed a symmetric density proﬁle [Caton et al., 2017]. Before- and after-release density pro-
ﬁles along with the symmetric 3-D representation for the samarium plasma cloud derived from ALTAIR are
shown in Figure 5 where a prerelease electron density proﬁle (Figure 5a) and a postrelease proﬁle (Figure 5b)
clearly show the contribution of the samarium plasma. A model cloud based on these observations was
inserted into the background ionosphere for ray-tracing. A graphical representation of the digitized cloud
is shown in Figure 5c, while a false-color image of the cloud itself is shown in Figure 5d. The image was
acquired with the AFRL bare CCD camera through a 630 nm ﬁlter approximately 4 min after release. The
cloud still appears spherical at this time which corresponds to the end of the ﬁrst postrelease HF frequency
scans presented in Figure 4.
Figure 4. Second release: sounder observations of the ionosphere before and after the release of the samarium metal
vapor (a, c, and e) along Rongelap-Wotho path and (b, d, and f) along Likiep-Wotho path.
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An ionospheric model was used for the background because we did not have adequate knowledge of the
ionosphere across the whole region of interest. The approach was to constrain the background model with
calibrated ALTAIR radar observations at a speciﬁc location and then use the model to represent the
ionosphere across a region that extended approximately 200 km north and ±200 km E-W from the point
of the radar observations. We used the Parameterized Ionospheric Model (PIM) [Daniell et al., 1995] and
the International Reference Ionosphere (IRI-2012) [Bilitza et al., 2014] as the background model iono-
spheres for ray-tracing. The reason for using two models rather than just one will be made clear shortly.
The IRI is an empirical model ionosphere developed as a joint project of the Committee on Space Research
and the Union Radio Scientiﬁque Internationale. For a given location, time, and date, IRI provides the median
monthly values of electron density, the electron temperature, and ion composition in the altitude range from
50 km to 2000 km. The major data sources for the IRI model are the worldwide network of ionosondes, the
powerful incoherent scatter radars, (Jicamarca, Arecibo, Millstone Hill, Malvern, St. Santin), the International
Satellites for Ionospheric Studies and Alouette topside sounders, and in situ instruments on several satellites
and rockets.
The PIM is a global ionospheric and plasmaspheric model based on combined output from the Global
Theoretical Ionospheric Model for low and middle latitudes. PIM produces electron density proﬁles between
90 and 25,000 km altitude, in addition to other proﬁle parameters such as corresponding critical frequencies
and heights for the ionospheric E and F2 regions, and total electron content.
Figure 5. (a) The ALTAIR radar proﬁle before the release of the samarium metal vapor. (b) The radar proﬁle approximately
30 s postrelease. (c) The two-dimensional view of the model cloud through its center is shown. The central pixel
corresponds to fpe = 7.44 MHz. (d) A false-color image of the illuminated cloud acquired with the AFRL bare CCD all-sky
imager approximately 4 min after release on 9 May 2013. The cross-hair indicates the look-angle of the ALTAIR radar.
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3.1. Ionospheric Model for Samarium
Release on 9 May
For the second release in which the
background ionosphere exhibited
typical quiescent characteristics, good
agreement between the PIM model
and the ALTAIR radar observations were
obtained by making a small change in
the F10.7 ﬂux input to the model, as
shown in Figure 6. The objective was
to obtain a good ﬁt primarily to the
bottomside to ensure accurate HF
propagation modeling.
3.2. Ionospheric Model for Samarium
Release on 1 May
For the ﬁrst release which had a dis-
turbed and rapidly rising ionosphere,
no standard model could be ﬁtted to
match the background ionosphere. We
tried to minimize the difference
between the model ionospheric proﬁle
and the ALTAIR radar proﬁle at the
MOSC release location by an optimiza-
tion technique known as the Nelder-
Mead Downhill Simplex method [Nelder and Mead, 1965; Press et al., 2007]. We used the native “fminsearch”
function in MATLAB to optimize the difference between the ALTAIR radar ionospheric proﬁle and the model
proﬁle (Figure 7a). Since PIM did not have enough accessible degrees of freedom, this optimization technique
gave good results only with the IRI model. An altitude-dependent scale vector was obtained by dividing the
optimized IRI proﬁle by the initial IRI proﬁle, and this was subsequently used to scale the entire IRI 3-D grid.
However, when the optimized results were used on the Rongelap-Wotho path (~150 km NW of ALTAIR scan),
the modeled delay did not match observations with sufﬁcient accuracy, presumably because the disturbed
ionosphere gradients were not well represented by the scaled climatological model output. After experi-
menting with a number of approaches we succeeded in modeling the background ionosphere along the ray-
path by applying frequency-speciﬁc multipliers to the altitude-dependent scale vector; results are shown in
Figure 7b. The variations in the multipliers were not large, but they facilitated a good ﬁt between the mod-
eled and observed proﬁles. The multipliers were determined by adjusting the ionosphere using ray tracing
to minimize the difference between the observed and modeled signal delays. The primary objective is not
to develop a good model of the ionosphere, but rather, to optimize our ability to model the HF propagation
environment. The priority is for the primary F region modes to match the observations with high ﬁdelity, so
when the samarium cloud is introduced one can have high conﬁdence in the propagation model results.
4. HF Propagation Modeling Results and Discussion
Ray-tracing was performed for both the releases after inserting the 3-D plasma cloud into the background
ionosphere. It conﬁrmed and explained the changes in propagation modes of the HF radio waves due to
the artiﬁcial plasma cloud.
4.1. Rongelap-Wotho Path
As shown in Figure 8a, the Rongelap-Wotho path is nearly N-S and the release point is well off the great circle
path connecting the two atolls. Up to three additional paths due to the presence of the samarium plasma
cloud for the received HF energy have been identiﬁed. Rays reﬂected directly from the transmitter off the
cloud account for the low delay MOSC trace. Meanwhile, the secondary F region traces may be formed in
two ways. One path consists of reﬂection ﬁrst by the F-layer to the MOSC cloud and subsequent reﬂection
Figure 6. PIM and ALTAIR radar electron density (Ne) proﬁles displayed as
equivalent plasma frequency (f p≈
ﬃﬃﬃﬃﬃ
Ne
p
, in MKS units). The PIM bottomside
ﬁts well with the observed ATLAIR proﬁle. The disparity below about
125 km corresponds to a very low density/frequency (<103 cm3/1 MHz)
that will not have an appreciable effect on radio waves propagating
above about 2 MHz.
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to the receiver site (high elevation). The other path is deﬁned by waves that propagate directly to the
samarium cloud, reﬂect to the F region, and are then reﬂected to the receiver (low elevation). The
elevation angles so deﬁned refer to the angle between the transmitted HF signal and the ground at the
transmitter. Figure 8b shows a graphical representation of the various propagation modes identiﬁed to
model the time delays shown in Figure 8c. The match between the observations and the model results
suggests that both the high- and low-elevation angle paths contributed to the observed F region
secondary layers. We note that the low-elevation propagation mode corresponds to smaller delay
compared to that of the high-elevation propagation mode in the F region secondary trace (Figure 8c). This
is as expected as the low-elevation mode has a shorter path. From the geometry all the observed
signatures conﬁrm that the cloud scattered and/or refracted HF energy well off the great circle path. Rays
were traced for a number of selected frequencies. Ray-tracing gave excellent results which agree with the
sounder observations (Figures 8c and 8d). For the ﬁrst release (Figure 8d), the additional MOSC and F
region secondary layers are also modeled to be close to the observed layers validating the modeling
approach and the technique developed to build a disturbed background ionosphere.
For both releases, the sounder observations show greater frequency extent for both the MOSC samarium
layer and the F region secondary layer than the model results. Reasons for the discrepancy include inade-
quate spatial resolution of the MOSC plasma cloud in the model and a low estimate of the peak plasma
density in the cloud obtained from the radar observations. The high-density center of the cloud is contained
in a layer just a few hundredmeters on a side, which represents a very small target for ray tracing calculations,
particularly for accurately homing rays from a transmitter to a receiver. In fact, it is challenging to resolve the
structure adequately in both space and time with the ALTAIR radar. The observations presented in Figure 5b
are the true cloud density convolved spatially with the radar beam width and pulse resolution and the time
period over which the measurements were integrated. The measurements provide a good estimate of the
average parameters of the cloud over a 60 s window, but they do not represent a precise characterization
of the plasma cloud at the subkilometer resolution needed to describe the structure in full detail. This does
not present a critical problem, however, because the primary objectives to identify and characterize the new
propagation modes introduced by the cloud can be achieved without an extremely high ﬁdelity representa-
tion of the electron density in the cloud. The radar-derived spatial and plasma parameters are sufﬁcient for
this purpose.
4.2. Likiep-Wotho Path
Similar analysis was performed along the Likiep-Wotho path, shown in Figure 9a. This path was selected
because the samarium release point lies nearly at the midpoint of the great circle path between the transmit-
ter (Likiep) and the receiver (Wotho). The same modes to/from the cloud and the F region were observed in
Figure 7. (a) The Nelder-Mead Downhill Simplex method applied to optimize IRI in the vicinity of ALTAIR radar data. (b) A
second frequency-dependent optimization procedure was applied to assimilate the sounder data along the R-W path.
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this geometry, but the differences in delay between the normal F-layer path and the delayed paths (F region
to cloud; cloud to F region) were signiﬁcantly smaller than for the Rongelap-Wotho geometry as expected
due to the coplanar geometry (see Figure 9b). Rays traced for various frequencies reproduced the
additional MOSC and F region secondary layers close to the observations for both releases (Figure 9). As
mentioned previously, one signiﬁcant feature of the observations that remains to be explained is the
absence of lower frequency signals (below ~8 MHz) refracted directly from the samarium cloud to the
receiver on the Likiep-Wotho path within the ﬁrst few minutes postrelease on 1 May 2013.
The lack of lower frequency signals on the nearly great circle path is noteworthy because relatively strong
lower frequency signals are observed on the distinctly nongreat circle Rongelap-Wotho link at the same time.
Moreover, lower frequency signals are present on both links throughout the observing period during the sec-
ond release on 9 May. One possible explanation is enhanced absorption during the early scan period on the
Likiep-Wotho path. This absorption is frequency-dependent and would normally be associated with an
enhanced E- or D region not expected to be present at the time of the observations (18:47 SLT). A
Figure 8. (a) Rongelap-Wotho geometry. (b) Various propagation modes for 6 MHz in second release. Excellent agreement
between model and observations: (c) second release and (d) ﬁrst release.
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comparison of the relative intensities of the F region traces at frequencies below 8 MHz clearly shows that
there is little to no difference between the ﬁrst and second postrelease scans on 1 May or the scans from
the second release on 9 May. Absorption does not appear to be a viable mechanism for the observed
absence of power.
The primary geophysical difference between the 1 May and the 9 May releases was the presence of spora-
dic E (Es) on the night of the ﬁrst release. A reasonably strong Es layer is visible on the Rongelap-Wotho link
(Figures 3a, 3c, and 3e) extending to about 10 MHz frequency. A faint Es trace may be observed during the
same time on the Likiep-Wotho path. On neither path does the layer appear to be blanketing in terms of
masking the F region returns or the return from the samarium cloud on the Rongelap path. But that does
not preclude the possibility that the path to the samarium cloud from Likiep, which is signiﬁcantly different
than the direct paths to both the F and E regions, may have been partially or wholly obscured by local
sporadic E at the lower frequencies consistent with the lack of power observed below 6 MHz on the night
of 1 May.
Figure 9. (a) Likiep-Wotho geometry. (b) Various propagation modes for 6 MHz in second release. Close agreement
between model and observations: (c) second release and (d) ﬁrst release.
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The severity of the effect may have been
exacerbated by the reduced received
power at low frequencies on the
Likiep-Wotho path relative to the
Rongelap-Wotho path. HF transmissions
at Likiep were weaker overall than
those from Rongelap and considerably
weaker at frequencies below 8 MHz. In
fact, between 2 and 6 MHz the
observed average signal strengths at
Wotho were more than 20 dB below
the corresponding signals from
Rongelap, as shown in Figure 10. The
curve in the ﬁgure shows the ratio of
power from Likiep/Rongelap as a func-
tion of frequency and was derived from
averaging 10 scans during different
quiet periods characterized by an
absence of spread F and low E region
density. A straight line ﬁt to the data
is also plotted to demonstrate the
trend of the frequency dependence.
Differences in path length between the two sites account for some of the observed SNR differences,
approximately 6 and 2.5 dB for E and F region paths, respectively. A more signiﬁcant contribution to the
disparity may result from the transmit antenna installations at the two sites. The antenna at Rongelap
was mounted on a tower some 18 m above ground, while the Likiep antenna was suspended from trees
at a height of just 4 m. Although we do not have sufﬁcient details to calculate the exact differences in gain
at the two sites, it is well known that the impedance of a dipole antenna changes dramatically as the instal-
lation height decreases below one-fourth wavelength (see, e.g., ARRL Antenna Handbook [American Radio
Relay League, 1974]); the resulting impedance mismatch greatly reduces the radiation efﬁciency of the
antenna. The 18 m height of the antenna at Rongelap corresponds to one-fourth wavelength at about
4.2 MHz; the 4 m high antenna at Likiep would transmit much less efﬁciently at this frequency, though
the relative response would be expected to improve rapidly as the frequency increases, as has been
observed. Similarly, one would expect the masking efﬁciency of Es to decrease as the transmitted fre-
quency increases. Thus, we believe that a combination of factors including path length, antenna efﬁciency,
and Es masking effectiveness was responsible for the absence of lower frequency signals scattered by the
samarium cloud from Likiep on the evening of 1 May. Of course, differences in the path lengths and
antenna efﬁciencies were common to all the observations, while sporadic E was present only during the
ﬁrst release. However, the reduced signal strengths imposed by the common propagation factors from
Likiep mean that relatively modest Es masking is needed to explain the observations.
A high-density plasmasphere placed in a low-density plasma background behaves as a divergent lens for
radio waves; the signals will always be refracted away from the center. Figure 11 (top) shows such a simulated
sphere, while Figure 11 (bottom) displays the relative signal strength for an 8 MHz plane wave traveling from
left to right in the ﬁgure. The propagation results, derived from a wave-optics calculation [Hocke and Igarashi,
2003], show clearly how the power diverges as the wave propagates through the sphere. In this scenario it is
plausible that the power from waves below 8MHz was refracted off axis passing through the samarium cloud
and was not received along the great circle path at Wotho; signals at higher frequencies would suffer less
refraction and could thus reach Wotho. Meanwhile, the same plasma cloud could refract (or scatter) energy
through acute angles such that signals from Rongelap were observed far off the great circle path, consistent
with the actual observations. A detailed analysis of the cloud and geometry for the MOSC releases was per-
formed. The results show that the region where refractive effects would be most effective in creating a signal
void (“shadow”) lies beyond Wotho. Indeed, the ray tracing results shown in Figure 9d speciﬁcally predict a
signature at the lower frequencies where none is observed. Although it is treated as a sphere in our
Figure 10. HF power received at Wotho from Likiep relative to Rongelap
as a function of signal frequency (Likiep/Rongelap). The straight line
shows a linear ﬁt of the data. The received power from Rongelap was
considerably higher at low frequencies.
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model, the actual shape and density dis-
tribution of the cloud determine the
detailed HF propagation effects. Some
elongation along the magnetic ﬁeld is
expected, even at early times, and the
true shape undoubtedly differs from
our simple model. Interestingly, the
divergent effects of the cloud would
be expected to persist much longer
than the effects visible on the oblique
ionograms shown in Figures 3 and 4.
The divergence effect requires only
small refraction angles along the direc-
tion of propagation, while large refrac-
tion angles are required to generate
traces directly from the artiﬁcial plasma
cloud. Thus, even signals at frequencies
well above the maximum plasma fre-
quency in the cloud will experience
some level of divergence as they
pass through.
5. Conclusions
The results presented here account for
the features of the modiﬁed HF propa-
gation environment observed at early
times during the MOSC samarium
release experiments. We have shown
that ray tracing techniques may be used
to model the disturbances caused by
artiﬁcial ionospheric modiﬁcation. The
samarium plasma clouds created at
least three additional HF propagation paths in the ionosphere. One path is directly from the transmitter to
the cloud to the receiver, while two others involve propagation between the F region and the cloud: in
one case interacting with the cloud ﬁrst, reﬂecting off the F region to the receiver, and in the other reﬂecting
from the F region ﬁrst and then reaching the receiver antenna by refraction from the cloud. These effects
were observed both on a great circle path and a markedly nongreat circle path where the refraction angle
exceeds 90°. Additionally, a dropout in the lower portion of the HF band was observed on the great circle
path between Likiep and Wotho minutes after the ﬁrst release. An analysis of several potential causes reveals
that the most probable explanation is masking due to sporadic E which is exacerbated by the greater dis-
tance from Likiep to Wotho and the lower transmitted signal power relative to Rongelap.
For modeling the background plasma, when constrained by ALTAIR radar electron density proﬁles, the
Parameterized Ionospheric Model (PIM) provided an excellent representation of the low-latitude ionosphere
during quiet conditions. Not surprisingly, neither PIM nor IRI was able to accurately specify local gradients
during a modest magnetic disturbance. However, IRI’s ﬂexibility and convenient access to parameters within
the model supported the use of a minimization technique for constructing a valid regional ionosphere.
Ray-tracing conﬁrms the sounder observations to a high degree of ﬁdelity. Changes in the natural propaga-
tion environment can thus be successfully modeled, and the effects from arbitrary artiﬁcial plasma environ-
ments can be predicted with accuracy. Finally, though not observed directly in these measurements,
modeling predicts that the samarium cloud will behave like a divergent lens resulting in “HF voids” or shadow
zones where the HF signal is excluded downstream from the sphere. For the geometry in the present experi-
ment the shadow zones are predicted to lie beyond the range of the most distant receiver site, but such
effects could readily be characterized in future experiments.
Figure 11. (top) Background environment and plasma distribution for a
spherical artiﬁcial cloud. (bottom) Wave-optical calculation for 8 MHz
radio wave propagation through the artiﬁcial cloud.
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